For an all solid-state Marx modulator applied in dielectric barrier discharges (DBDs), hard switching results in a very low efficiency. In this paper, a series resonant soft switching circuit, which series an inductance with DBD capacitor, is proposed to reduce the power loss. The power loss of the all circuit status with hard switching was analyzed, and the maximum power loss occurred during discharging at the rising and falling edges. The power loss of the series resonant soft switching circuit was also presented. A comparative analysis of the two circuits determined that the soft switching circuit greatly reduced power loss. The experimental results also demonstrated that the soft switching circuit improved the power transmission efficiency of an all solid-state Marx modulator for DBDs by up to 3 times.
Introduction
Dielectric barrier discharges (DBDs) have been applied in a variety of modern pulsed power applications, such as liquid food sterilization, water decontamination and air pollution control [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . DBDs are traditionally excited by high voltage and high frequency sinusoidal supply [16] [17] [18] [19] [20] [21] [22] . Although the sinusoidal power supply has the advantages of simple structure and lower prices [18] [19] [20] [21] [22] , existing research demonstrates that the use of all solid-state pulsed power supplies (i.e., unipolar or bipolar Marx modulators) is more efficient. Therefore, there has been much research and many applications with all solid-state Marx modulators for DBDs [23] [24] [25] [26] [27] .
Efficiency is the most crucial product feature in scientific applications and industry, especially for DBDs. At present, the study of the efficiency of an all solid-state Marx modulator is primarily focused on resistive load [25] [26] [27] . A generalized solid-state Marx modulator efficiency was calculated from the ratio between the input power (from the measured average voltage and current values) and the output power delivered to the load (from the measured current and voltage waveforms) using resistive loads, and its was 85.5% [25] . The output energy to the 50 Ω load resistor was calculated from the waveforms, giving a total energy efficiency of 59% at a repetition rate of 1 kHz [26] . The repetitive output voltage of the solid-state pulse generator was a 200 Ω resistive load with a 1 kHz repetition rate, and the total power efficiency of the pulse generator was 86.64% [27] .
Fewer studies investigate the efficiency of the all solidstate Marx modulator for DBDs, which usually occur in a filamentary form and are created as a number of individual breakdown channels (micro-discharges), with very short time duration, from several nanoseconds to several microseconds. When an all solid-state Marx modulator was applied to DBDs, a spike discharging current occurred under the rising edge and falling edge to cause hard switching, and the efficiency will be very low [23, 24] . The lower efficiency of the all solid-state Marx modulator for DBDs will inevitably affect the repetition rate, lifetime, compactness, and mobility.
To improve the power efficiency of the high frequency and high voltage all solid-state Marx modulator applied in DBDs, a series resonant soft switch technology is proposed in this paper. Hard switching and series resonant soft switching power loss models and a comparison of the two were evaluated. Finally, an experimental prototype and corresponding results confirmed that soft switching technology can greatly improve the efficiency of high repetition rate and high voltage all solid-state Marx modulators. 2.1.1. Rising edge discharging (t 2 -t 3 ). As the first rising edge discharges, the switch S i d is switching on, and S i c is off, as shown in figures 1(a) and 2 at time t 2 -t 3 . Before this period, the charging is over, the S i c has switched off and the power loss is zero. As the rising edge discharges, capacitors C i are in a series discharging to the DBDs. The load voltage v out is proportional to the DC power supply nU . DC The power loss of the switches is expressed as:
Circuit models for DBDs
on is the switching on energy loss on the switch datasheet, f is the switch frequency and i L is the DBDs current. From figure 2 , the current has a large spike, and since the voltage is a DC voltage, the power loss at this time will be large.
2.1.2. Pulse time (t 3 -t 4 ). During the pulse time, the switch S i d is also on and switch S i c is also off, as shown in figures 1(a) and 2 at time t 3 -t 4 . The power loss for the pulse time is conduction loss:
where V _ CE sat is the saturation voltage drop of the switch and T pulse is pulse time. The power loss can be ignored, because i L is zero.
2.1.3. Dead time (t 4 -t 5 ). In the dead time, the switches, S i d is switching off and S i c is also off, as shown in figures 1(a) and 2 at time t 4 -t 5 . The power loss for dead time is:
Loss off L where ( ) E i off is the switching off energy loss on the switch datasheet. The power loss can be ignored, because i L is zero.
2.1.4. Falling edge discharging (t 5 -t 6 ). During the falling edge discharging, S i d is off and S i c is switching on; the discharge of the second DBDs will occur, as shown in figures 1(b) and 2 at time t 5 -t 6 . The power loss is:
Loss on L
The current of the DBD is also a spike current, so the power loss is also large. 
The total charging time is:
For every S , DC S i c and D i power loss are:
The conduction power loss of the diode can be neglected for its short pulse compared to the period time. The primary diode power loss is recovery power loss, where Q rr is the recovery charge of D .
i Then, T charge is also shorter than the total charging time and the current of S i c is very small, so the conduction power loss of S i c can also be ignored. The effective device power loss occurs with the switching on of the switch S .
DC It is only one device, and the charging current is far low than the discharging current, so the power loss of S DC is also very small.
2.1.6. Charging over (t 0 -t 2 ). In the charging over period, the switches S , 
When the charging current is zero during the charging over period, the power loss of S i c is also zero.
Soft switching circuit models
From the above analysis, the primary power loss occurs at the rising edge and the falling discharging. For the pulse width is smaller than switching period, the power loss of conduction can be ignored. Reducing the power loss in edge charging can improve the efficiency of an all solid-state high voltage pulse modulator, and DBDs can be regarded as a capacitive load . This paper uses series inductance to form an LC series resonant soft switching circuit to reduce circuit switching power loss, as shown in figures 3 and 4. The literature [28] demonstrates that a certain amount of inductance in series will not affect the discharging efficiency of DBDs, although certain condition will increase the discharging efficiency of DBDs.
2.2.1. Rising edge discharging. The discharging of the LC soft switching mode of the rising edge is basically the same as in hard switching, while the current rising mode is based on figure 5 . Then, i L can be calculated from the equivalent circuit:
Then, the power loss at rising edge discharging is:
Since the average current of the LC soft switching is much smaller than that in hard switching, the power loss at this time becomes small.
Pulse time.
In the pulse time of LC series resonant circuit, the current features sinusoidal attenuation, so the circuit power loss should be analyzed separately. When > i 0, L S i d is on and S i c is off, as shown in figure 3(a) . The power loss for this circuit state is:
anti-parallel diode is on and S i c is off, as shown in figure 3(b) , and then power loss is:
where D is the current conduction duty cycle, such as when
period Then, T period is the total switching period and V F is the forward voltage drop of the anti-parallel diode. Because D is very small and the load current follows sinusoidal attenuation, the power loss is very small.
Dead time.
In dead time, the current also has positive and negative points. The circuit power loss should also be calculated separately. When > i 0, L the S i d anti-parallel diode is on and S i c is off, as shown in figure 3(b) . The power loss is:
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c the anti-parallel diode, is on, as shown in figure 3(d) , and then the power loss is:
16
The dead time is similar to the pulse time, and the power loss is also very small.
Falling edge discharging.
The LC soft switching mode of the falling edge discharging is the same as that of the hard switching, and the power loss also becomes small. figure 3(d) , and then the power loss is:
and S i c is on, as shown in figure 3(d) , and then the power loss is:
The power loss is very small, with a relatively small current. In addition, at the time of charging, the charging power loss is the same as the hard switching circuit, and the power loss at the charge over is the same as that at the hard switching circuit.
Comparison of two circuits
After analyzing the power losses of the two circuits, we conducted the following comparative analysis of the corresponding power losses. Table 1 demonstrates the power losses of their state in each circuit. From the comparison of the two circuit power losses in table 1, it can be found that:
(1) The maximum power loss is the rising edge discharging and the falling edge discharging upon hard switching, while the soft switching circuit becomes smaller, which is the section of maximum power loss. (2) In the soft switching circuit, sinusoidal freewheeling causes the circuit to turn on more, while each part of the power loss is very small; basically, it does not affect circuit efficiency.
Therefore, the soft switching circuit greatly improved the power efficiency of the all solid-state Marx modulator for DBDs.
Results
To validate the described theoretical analysis, 12 stages of a lab-scale prototype with an all solid-state Marx unipolar are presented in figure 1 , built with 650 V MOSFETs (IPW65R110CFD) and diodes (DSEI30) and 2 μF stage capacitors, operating with V DC ∼300 V, a repetition rate of 1-100 kHz, and a 2 μs pulse length. Figure 6 demonstrates the half-bridge Marx circuit drive waveform, where the MOSFET gate signal was 2 μs, the dead time was 500 ns and the total pulse width was approximately 3 μs. To investigate the efficiency improvements with soft switching, experiments with the all solid-state Marx modulator for DBDs were performed, and the case with S d1 switching on was used demonstrate the theoretical analyses shown in figure 7 , hard switching, and figure 8, soft 
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Hard switching Charging over switching. The experimental data showed that for hard switching in one DBD, the discharge energy loss waś -1.32 10 3 J, while that for the soft switching waś -4.71 10 4 J, with the former nearly three times the latter. Figure 9 demonstrates the output voltage v out and current i L waveform for hard switching; with the current peak in the figure 7 reaching 10 A. Figure 8 shows the output voltage v out and current i L waveform with a series of 65 μH inductors for soft switching. Then, i L is only approximately 3.3 A, which is much smaller than in the hard switching circuit in figure 7 . Therefore, compared with figure 7, figure 8 demonstrates that the series induced soft switching circuit current peak was much smaller; that is, it can greatly reduce the Marx circuit switching power loss. Figure 10 is the efficiency of the Marx circuit under different series inductance values, with the frequency range 10-100 kHz, where the efficiency is calculated as follows:
From figure 11 , the efficiency for hard switching was only approximately 7%, while the efficiency was up to 23% for soft switching, which was a greater than 3 times improvement in the efficiency. Figure 15 of [28] also clearly demonstrated that the radiation power of the DBD load in different series of inductors was not significantly improved. Therefore, the pulse width of the all solid-state Marx modulator for DBDs was much less than the switching period. Therefore, the switching loss of the generator was the primary part. The series soft switching technology was a better way to improve efficiency of all solid-state Marx modulator for DBDs.
Conclusions
The power loss and efficiency of the 12 stages of an all solidstate Marx-type unipolar modulators for DBDs were analyzed and experimentally compared, in terms of hard switching and soft switching circuits. To analyze the power loss of the Marx circuit, we analyzed the power loss of each circuit change state and compared the corresponding power loss changes in both circuit states. Through a power loss analysis of the various circuit states, we determined that the soft switching circuit of series inductance greatly reduced the switching power loss, which was discharging at the rising and falling edges. Finally, the hard switching Marx circuit efficiency was only approximately 7%, and through the improved serial soft switching circuit efficiency up to 23%, the efficiency was improved up to 3 times greater than the experimental results. 
